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Physioiogical and Toxicological Aspects of Smoke
Produced during the Combustion of Polymeric
Materials

by 1. N. Einhorn*

Normally one expects that flame contact is the major cause of injury and death
during fires. Analysis of the factors involved in numerous fires has revealed that most
deaths were not due to flame contact, but were a consequence of the production of
carbon monoxide, nitrpgen oxides, and other combustion produets, such as aldehydes,
low molecular weight alcohols, hydrogen cyanide, and other noxious species.

The major emphasis within the scope of this paper relates to the physiological and
toxicological aspects of smoke produced during the combustion of materials. Special
emphasis is directed toward laboratory procedures which have been developed to
determine the qualitative and quantifative analysis of smoke, factors pertaining to
smoke development, and fo measure the response of laboratory animals exposed to
smoke, The effeets that fire retardants, incorporated into polymeric materials as a
means of improving flammability characteristics, may have on smoke development,
the mechanism of polymer degradation, and on the survival response of laboratory

animals are alse considered.

Introduction
General Background

Normally one expects that flame contact
is the major cause of injury and death during
fires. Perhaps the first event focusing attention
to the hazards of fire from plastic materials was
that of the Cleveland Clinic fire in 1929, in
which x-ray films, composed of highly com-
bustible nitrocellulose, caught fire and brought
death to 125 persons. Analysis of the death
pattern revealed that most of the deaths were
not due to flame contact but were a consequence
of the production of carbon monoxide and
nitrogen oxides. Since then numerous other
fires in this country and abroad (Table 1) have
also led to deaths, not only due to the actual
flames, but to the gaseous products evolved
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from synthetic materials. Not too surprising,
however, is the fact that research on the
toxicological aspects of pyrolysis and com-
bustion during fire exposure has lagged so far
behind other agpects pertaining to the flam-
mability characteristics of materials, that even
a fair assessment of the toxic hazards cannot
be adequately described at this time except in
great generalities. The fime has passed for the
toxic consequences during combustion to be
ignored or minimized.

The major emphasis within the scope of this
paper relates to the physiological and toxicolo-
gical aspects of smoke produced during the
combustion of materials. Since few definitive
studies have been reported in the open literature
pertaining to smoke and its effect on humans
during and after fire exposure, this report also
includes appropriate references and results
of recent studies carried out in the Flam-
mability Research Center of the University of
Utah.
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Table 1. Summary of major fires in which smoke and toxic
gases were considered to be a predominant factor causing
loss of life.

Year Place Deaths

1929 Cleveland Clinic 125
1942 Cocoanut Grove Night Club (Boston, Mass.} 492
1963 Nursing Home (Fitchville, Ohi?} 63
1965 727 Aircraft Crash {(Salt Lake City, Utah) 43
1970 Harinar House Nursing Home (Marietta,

Ohio) 22
1972 Sunshine Mine Disaster 92
1973 Isle of Mann Resort 50

Laboratory procedures which have been
developed to qualitate and quantify smoke
produced during thermal decomposition proe-
esses are also detalled, Finally the effects of fire
retardants, both reactive and inert, incorpo-
rated into synthetic materials to enhance their
flammability characteristics, are reviewed.

Definition of Smoke

A dictionary definition (1) of smoke is “the
volatilized products of the combustion of an
organic compound, as coal, wood, efe., charged
with fine particles of carbon or soot; less
properly, fumes, steam, ete.”

Gaskill (2) defined smoke as “the airborne
products evolved when a material is decomposed
by heat or burning (oxidation).” He further
states that “smoke may contain gases, liquid,
or solid particles, or any combination of these.”

Hilado (3) defined smoke as “the gaseous
products of burning organic materials in which
small solid and liquid particles are also dis-
persed; smoke can also be defined as solid
particles, such as carbon and ash, suspended
in air.” Hilado further stated ‘“that the broader
definition is the more appropriate because the
nongaseous portion of smoke from some ma-
terials contain significant amounts of tarry or
liquid droplets.” Thus, little difference is noted
among these three definitions of smoke.

Factors Affecting Life Support in Fires

The major facltors affecting life support in
confined space fires, listed in the order of
greatest damages to -human survival, are:
(1) reduction of oxygen concentration accom-

164

panied by increase in the concéhtration of
carbon monoxide; (2} development of extremely
high temperatures; (3) presence of smoke;
(4) direct consumption by the fire; (5) presence
of noxious or toxic gases; (6) the development
of fear. From a toxicological point of view,
factors (1), (3), and (5) become important
considerations, since factors (2) and (4) will
cause immediate death, while factor (6) may
or may not lead to death, depending upon
whether a panic-stricken person makes a ragh
decision such as jumping out of a building
rather than waiting for rescue.

Exposure of humans to the various com-
bustible gases normally encountered in fires as
well.as to the particulate matter in smoke may
bring about acute episodes of toxicity, ranging
from minor irritant effects to death.

A sgeries of disasters in recent years has
focused considerable attention on the growing
list of problems connected with the burning of
polymeric materialg, such as fibers, coatings,
elastomers, foams, and reinforced plastics. The
crash of the United Airlines Boeing 727 jet-
liner at the Salt Lake City Airport in November
1965 was one of the most dramatic incidents
illustrating the dangers arising from intense
heat, toxic fumes, and dense smoke. This trag-
edy, which took the lives of 43 persons of the
91 aboard, was one of the rare instances of
what the Civil Aeronautics Board termed “sur-
vivable crash with no fatalities on impact.””
Yet the question remained : What was the con-
tribution of the plastic materials inside the
plane to the development of fumes and smoke?
Previous attempts by industry to fire retard
plastics produced improved resistance to flame
contact; however, hazards due to smoke gen-
eration were, in general, not fully understood
and recognized.

Disasters of the Salt Lake City type clearly
spell out the need for the use of plastic ma-
terials that exhibit both adequate flame resis-
tance as well as low-smoke generation. The
necessity exists, therefore, for the development
of synthetic materials with these properties and
the more accurate evaluation of such materials
to permit the prediction of their hehavior dur-
ing fire exposure.

A critical analysis of the hazards to life
support in fires involving plastics has been
carried out. The burning process takes place
in several steps. In the first step, a destructive
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digtillation of the plastic fakes place, producing
gages whose nature depends on the composition
of the material, temperature, and the rate of
heating,

Next, oxygen combines with free carbon
to form carbon monoxide. At this time dense
smoke is usually formed, presenting additional
hazards by limiting egress from the fire area.
When sufficient oxygen is present, it combines
with the flammable gases produced as well as
with carbon monoxide. If sufficient excess oxy-
gen is present to combine with all of the com-
bustible materials, the carbon monoxide present
burns to form the relatively harmless carbon
dioxide. Ordinarily, the products of complete
combustion are less harmful than those of in-
complete combustion.

In hig role as Deputy Fire Marshal for the
State of Utah and Special Consultant to the
Salt Lake City Fire Department, the author
has served as an investigator for a number of
fires in which severe injury or loss of life was
attributed fo smoke as well as foxic gases re-
sulting from the combustion of materials com-
monly encountered during such conflagrations.

The fire in the Lil-Haven Nursing Home
(September 15, 1971) in Salt Lake City, Utah
serves as an excellent example to illustrate
conditions encountered in many confined space
fires. Six patients died in this fire, that lasted
approximately 10 min. The first fire equipment
arrived on the scene less than 1 min after the
rate-of-rise detector signaled the alarm to the
central fire station. It is inferesting to nofe
that none of the six victims who died showed
any evidence of body burng. External views of
the Lil-Haven Nursing Home taken after the
fire show, with the exception of a slight trace
of smoke damage in the eaves just under the
roof, no outward evidence of a fire having
taken place. The hollow-core wood panel doors
found in the second-floor hallway of the nursing
home were severely damaged on the exterior
but were still standing, and did provide a
suitable fire barrier. Firefighters found all of
of the doors leading to the hallway in rooms
lecated on the second floor open at the time of
the fire.

Smoke and soot patterns were indicative of
a fast-spreading fire in the interior of two of
the rooms in which four of the victims died.
The smoke patterns seem to corroborate the
view that had these doors been shut, sufficient
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protection would have been provided until this
fire was brought under control so as to preclude
the loss of life.

The propensity of certain materials to ignite
and burn with a rapid propagation rate has
encouraged industry producing these materials,
as well as government agencies, to find ways of
preventing or diminishing the ignition and
flame-gpread characteristics of these materials.
Generally, polymeric materials contain chemical
compounds, called fire retardants, to reduce
the original flammability characteristics of the
material. The use of fire retardants is inereasing
at a prodigious rate each year. Little relative
evaluation is being carried out to ensure that
these compounds are not contributing to the
development of limiting toxicants during fire
exposure. Unfortunately, as may happen on
occasion, the treatment may bring about an-
other hazard equal or greater to the problem
which originally required the treatment. In
thiz case, the flame retardants do improve the
flammability characteristics of the materials,
but by doing so, they increase the concentration
and types of pyrolysis products which may be
liberated during fire exposure. These degrada-
tion products, singly and synergistically, may
have biological implications not previously
appreciated.

Physiological Factors Affecting Survival during
Fire Exposure

The factors that critically limit survival
respeonse during fire exposure must be defined.
In actual fires it is difficult, if not impossible,
to separate the physioclogical parameters from
the toxicological parameters, Within the scope
of this paper this separation has been meade in
order to elucidaté that which is presently under-
stood about the response of humans in fires and
to indicate those areas where further study is
required.

In many respects, it is more important to
determine the limits for survival than the
mechanism of death from exposure to noxious
gases or hypoxia. Additional studies are re-
quired to determine the long-range effects of
acute exposure to carbon monoxide, tempera-
ture, and a variety of interacting noxious and
toxic by-products of combustion.
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Visual Aspects Affecting Survival

Considerable attention has been directed to
the measurement, by optical techniques, of
the quantity of smoke produced during the
combustion process. It should be noted that
while many chemical and physical factors can
affect the quantity of smoke produced, the size,
and concentrations of particulates in the smoke,
and the chemical composition of the smoke,
the optical techniques commonly used can meas.
ure only the light-obscuring potential of smoke
and cannot measure the physiological factors
relating to human survival during fire exposure.

The particulates contained in smoke can and
do affect the vigion of firefighters using gas
masks and sustained breathing equipment. The
results obtained with the use of the Rohm and
Haas XP-2 chamber (4) or the National Bureau
of Standards smoke density chamber (5-8)
can relate directly to the ability of firefighters
to see under fire conditions. On the other hand,
persons encourntering smoke in a fire may not
be able to see due to such factors as lacrimation
caused by components in the smoke., Einhorn
et al. (9) reported that certain fluorine-con-
taining polymers exposed to pyrolysis or com-
bustion caused severe opacification of the cornea
in test animals exposed to their degradation
products. The hydrogen fluoride, fluorine gas,
and carbonyl difluoride, identified in the smoke,
was in sufficient concentration to etch glass
coverslips placed in the test chambers. Thus,
even though relatively low concentrations of
smoke were generated during the pyrolysis or
combustion process, the sight of humans ex-
posed in a similar environment may be impaired
to the extent that egress from a fire in time to
prevent exposure to lethal concentrations of
toxic fumes or temperatures sufficient to cause
death would be impossible.

The Escape Response

Reliable data concerning the escape response
of humans during fire exposure are scanty. The
influence of hypoxia alone and in combination
with carbon monoxide and noxious gases must
be determined both at ambient temperatures
and at rates of temperature increase that are
encountered in “typical” fires. Numerous in-
vestigators have reported cases where a victim
has died during a fire with no visible barrier
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to prevent easy escape. Vietims of fires, such
as those caused by cigarette ignition of mat-
tresses or furniture, where long periods of
smoldering have preceded actual ignition, are
often found away from the ignition source,
as for example, a woman found near a door-
way after causing a fire on a mattress by smok-
ing in bed. It should be noted that chemical
analysis of the blood showed a 0.2656 mg-%
blood alcohol level accompanied by 339% car-
boxyhemoglobin saturation. The soot pattern
in thig case showed the body outline on the
floor, with no observable soot formation under
the body, thus clearly indicating that death
occurred prior to the onset of flaming combus-
tion. The chemical analysis confirms that the
combination of alechol and carbon monoxide
saturation, as well as increased temperature,
may have been the cause of this death. But one
must consider possible loss of sight prior to
death, the possible effect of combustion prod-
ucts on nerve conduction velocity reduction,
the effect of degradation products on muscle
activation and contraction as factors possibly
preventing escape from a hazardous area even

‘though the victim realized that he must leave

the fire area in order to survive.

Noxious gases which find their way into the
circulation, either because they are odorless or
are present in low concentrations, may act in
still unknown ways in producing neuromuscular
dysfunction. The peculiar affinity of carbon
monoxide for hemoglobin and cyanide radicals
for cytochrome oxidase are two well-known
examples of this phenomenon. Other degrada-
tion products may also affect oxidative metahbo-
lism at various levels, either by influencing
oxygen fransport or intermediary metabolism.
The enzyme systems concerned directly with
muscle activation and contraction may also he
affected.

Studies comparing responses to hypoxia or
various types of CO interaction have disclosed
significant differences. Since arterial P(;.2 may
be normal despite a reduced oxygen-carrying
capacity, reflexes which normally increase res-
piratory rate and tissue blood flow may not be
activated (10,17}, Recovery from hypoxia asso-
ciated with CO intoxication is greatiy prolonged
in comparison to recovery from hypoxia alone
(12,13).

A reduced partial pressure of oxygen is
found in the poorly ventilated environment in
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which combustion ocecurs., Combined with the
pressure of carbon monoxide and other gases
impairing oxidative metabolism, very little
reduction in ambient oxygen may be lethal.
From observations of subjects at high altitude,
lassitude and lack of motivation progressing
to somnolence are primary behavioral responses
during hypoxia (14). These effects threaten
survival both at high altitude and during acei-
dental fire. The ability to continue automatic
motor activities, such as running, depends both
upon the central nervous control of this activity
and on the neuromuscular system. The ability
of these systems to continue normal funection
during fire exposure must be determined. It
should be possible to assess the relative impor-
tance of the central nervous and peripheral
neuromuscular systems which may be responsi-
ble for loss of motor control.

Toxicological Aspects of Comhustion

General Background

The most controversial and most complicated
aspect of fire research is that phase of study
directed toward an understanding of the toxico-
logical properties of materials during fire expo-
sure. Hundreds of articles have appeared in
the literature reporting the nature and quanti-
tative analysis of pyrolytic decomposition prod-
ucts. Bulletin 53 published by Underwriters’
Laboratories (15) cites 297 references dealing
with toxicity studies on animals exposed to a
wide variety of environments under many
experimental conditions. In the summary of
this report it was stated that considerable vari-
ance was observed in the experimental results
and that little correlation was cbtained by
different investigators.

If laboratory animals are subjected directly
to the degradation products of materials at
temperatures normally encountered in real
fires, they may perish from the effects of heat
before being overcome by the decomposition
products,

In recent investigations, Einhorn et al. (16)
studied the effect of temperature on lethality
(LD...) of laboratory rats of varying body
weights. A preliminary heat transfer mecha-
nism was postulated. Although an induction
period was observed due to the insulating char-
acteristics of the animal’s fur, the relatively
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large surface-to-volume ratio resulted in their
inability to survive extensive thermal shock
to the degree that humans can.

A series of studies are being conducted under
a National Science Foundation-RANN Grant.
These experiments have been designed to deter-
mine the physiological effects of smoke gen-
rated during the pyrolysis and combustion of
polymeric materials on laboratory animals.
Initial experiments were designed to determine
the maximum levels for temperature exposure
before permanent changes are induced in vital
functions. A maximum hody temperature of
42°C for extremely brief durations has been
established as a ceiling for Sprague-Dawley
rats. Exposures at this level will produce major
dysfunction in the central nervous system, the
regpiratory system, and possibly other systems.

Previous studies by many investigators have
suffered from several defects in design. First,
the number of animals wag small. Second, there
was often a lack of control. Third, there were
few standardized pre- and post-exposure tests
of the animals’ responses. Fourth, routine
necropsy examinations of all major organs
were not the rule.

A further weakness in many investigations
pertaining to the toxicological aspects of com-
bustion iz the failure to simulate conditions
of ecommon prototype fires such as aviation
fires, home fires, antomobile fires, and boat
fires, etc. For example, the probable time of
exposure and the conditions of exposure, such
as temperature and oxygen concentration, have
not been key factors considered in experimental
design.

Analysis of decomposition products resulting
from pyrolysis or combustion has indicated
major changes in the nature of the products
due to condensation, recombination, or cross-
reactions where the temperature of combustion
is modified. Experimental design considerations
must alzo be given to changes in the degrada-
tion of a single material as compared to the
degradation of the same material in the pres-
ence of one or more materials of different
chemical composition.

Respiratory Burns

In 1962, Phillips and Cope (17) labeled
respiratory tract damage as “a principal killer”
in burn victims. In 1967, Stone and Martin
(18) reported respiratory involvement in 15%
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Table 2. Burn mortality: New York City, 1966 and 1967.

Total cases by Autopsied cases

Post-burn survival time (811)
survival time, hr
Cases A Cases %
<12 283 53 185 60
>12 158 30 T2 23
Not known 93 17 54 17
Totals 534 -136 :;H 1—06

of 197 burn patients studied. Zikria (19) ana-
lyzed the causes of death among fire fatalities
which occurred in New York City during the
years 1966 and 1967. Table 2 presents a sum-
mary of this study. Analysis of the data in
Table 2 shows that 311 of 534 fire victims
were autopsied; of these, 60% died at the site
of the fire or on the way to the hospital. Of
these early fatalities, 70% had respiratory
involvement,

As many ag 105 of the fire fatalities had less
than 40% body burns; 77% of these victims
could have been expected to survive, if statisti-
cal predictions were based solely on the extent
of body surface hurns.* Respiratory involve-
ment was found among the majority of these
fatalities: specifically, smoke poisoning and/
or asphyxiation, 43% ; carbon monoxide poi-
soning, 50% ; damage to the tracheobronchial
tree and lungs, 27%. These figures clearly
indicate the magnitude and seriousness of the
problem of inhalation injuries to fire victims.

It is generally accepted that tissues of the
tracheobronchial tree and pulmonary tissues
can sustain heat damage, chemical damage,
anoxic damage, or any combination of these
injuries during fire exposure, Pressure damage
may also oeccur when the fire is accompanied
by an explosion.

Until the late 1960’s many investigators
doubted that caloric inhalation damage could

* Medically the “rules of nine” (20) are used to
express the extent of a burn. One arm is 9%, a leg is
9¢;, front and back 9%, etc. The percentage of the
body involved is important for both treatment and
plotting survival figures. If a third degree burn in-
volves 50% of the body surfaces, the mortality rate is
about 50%. If a third degree burn involves 709% or
more of the body surfaces, survival i3 nil. A healthy
adult may.survive a 10-15 percent third degree burn
without too much difficulty; a healthy child may sur-
vive a 5-109% third degree burn without too much
difficulty.
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oceur in the tracheobronchial tree because of
the low specific heat of gases. Moritz (21)
conducted experiments on dogs using high-
temperature torches as the source of combus-
tion. This study seemed to indicate the physical
impossibility of caloric damage, In 1968, Zikria
et al, (22) and Stone (28) demonstrated heat
fixation of the tracheal mucosa in fire victims
as well as the presence of varying degrees of
injury to the tracheobronchial tree. All of the
victims who had severe tracheobronchial dam-
age were dead at the scene of the fire or soon
thereafter.

Smoke Poisoning

Zikria (19) indicated that smoke poisoning
was a primary diagnosis in 119 victims of the
185 early burn fatalities studied (Table 3).

Lethal levels of carbon monoxide poisoning
were discovered in 45 of the 185 early deaths
studied by Zikria (22) (Table 4).

Table 3. Respiratory tract complications in 257 auntopsied

cases.
Post-burn Post-burn
survival time survival time
<12 br >12 hr
Cases % Cases %

Smoke poisoning and/

or asphyxia only 99 53.5 4 5.6
Respiratory traet dam-

age and/or pulmon-

ary damage only 11 5.9 28 38.9
Both 20 10.8 1 1.4
Neither bb 2.9 39 54.1

Total 185 100.0 T2 100.0

Table 4. Carbon menoxide poisoning in 185 autopsied
cases with death occurring in less than 12 hr.

Carboxyhe- No.
moglobin of A
saturation, %, cases

Laboratory determination
(total) (130)
Usually lethal >b09, 45 24.3
Significant 119,-499, 64 34.6
No contribution T9%-10% 21 11.4

Clinical diagnosis only 14 7.8
No indication 41 22.1
Total 185 100.0
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In real fire exposure it becomes nearly
impossible to ascertain which one or two agents
(excluding absence of oxygen, presence of car-
bon monoxide, and perhaps direct evidence of
large quantities of particulate matter in the
upper respiratory tract) caused death. It be-
comes even more difficult to ascertain the toxic
potential of a specific material when it burns
or is heated. Presently, the most widely used
approach is to have some knowledge of what
gases are formed and to seek toxic information
(LD;,) on the individual compounds if such
knowledge is available, This method of evaluat-
ing the potential hazard of a given species of
toxic gas leaves much to be desired. Little use-
ful information can be gained from a LD,
study ; for example, this type of study measures
only death, does not relate the effect the toxi-
cant may have on the survival response, and
does not consider the possible long-term effects
which do not manifest themselves during the
normal 14-day observation period. LD,, experi-
ments shed little light on the mechanism of
death and thus do not provide information
necessary for a system or engineering design
for fire safety.

The problem of identifying the role of a
gingle product on life support or the survival
response becomes greatly magnified, since the
combination of products being inhaled may not,
and generally do not, produce the same biologi-
cal response as when only one of the compounds
is inhaled.

When man is placed in contact with a chemi-
cal agent, it can produce an acute toxic effect
in a number of ways: the compound may act
as a primary irrifant upon the skin and/or
mucous membrane; the compound may be
absorbed into the blood stream, leading to
definite toxiec symptoms and signs, and which
may result in death on continued exposure; the
compound may be absorbed in very low con-
centrations, producing no definite signs and
symptoms of toxicity, but may affect mental
functions; the compound may act as a sensitiz-
ing agent, producing antibodies to the antigen.
A repeated exposure to the same, or nearly
gimilar compound, may produce allergic mani-
festations ranging from mild to very serious.

The first two can lead to rapid death during
fire exposure, or if not death, may result in
sufficient damage to cause hospitalization. Low
levels of a compound may be sufficient to alter
mental functions, and this, in turn, may lead
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to serious consequences. The fourth (sensitiz-
ing agent) consequence has not received much
attention in regard to fires, but should not be
overlooked, at least in those cases where death
does not occur or even in those instances in
which no harm is evident. The burning or the
pyrolysis of a polymeric material may, how-
ever, initiate an allergic regponse which be-
comes manifest at a later date. Such injury is
often reported; approximately 10% of those
individuals exposed to carbon monoxide seem-
ingly recover and some months affer actual
exposure, develop a major dysfunction which
may lead to death.

The Fire Gas Research Report {24) evalu-
ated the effect of oxygen concentration as it
pertains to human response during fires. Table
5 summarizes the signs and symptoms of toxie-
ity caused by reduced levels of oxygen due to
fire conditions.

Shorter et al. (25) reported that tempera-
tures in excess of 300°F (149°C) were capable
of causing loss of consciousness or death within
several minutes. The temperatures recorded in
several controlled experimental fires in build-
ings exceeded the maximum survivable levels
within 5~10 min. This period of time is ex-
pected to be greatly reduced, for instance in
aircraft fires, due to the large concentrations
of gvailable fuel, and thus egress from the
cockpit area must be achieved within approxi-
mately 90 sec if survival of the passengers is
to be realized.

Smoke development measurements have been
made by a number of experimental techniques.
Dense smoke discharged into the atmosphere
by burning wood, cotton, paper, or plastics
contain many toxic and noxious products result-
ing from thermal decomposition including car-
bon monoxide, carbon dioxide, hydrogen cya-
nide, hydrogen halides, and a large number of
organic irritants, such as acetic acid, formie

Consequences of toxicity of reduced levels of
oxygen due to fire conditions.

Table 5.

Oxygen in Signs and symptoms

air, %

>20 None
12-15 Muscular coordination for skilled movements lost
10-14 Consciousness continues; judgment js faulty,
musecular effort leads to rapid fatigue
6-8 Collapse; reversible with prompt treatment
<86 Death in 6-8 min
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acid, formaldehyde, acetaldehyde, acrolein, low
molecular weight ketones, and alcohols. During
the early stages of a fire, the smoke may con-
tain so little carbon monoxide that the major
injuries resulting from smoke inhalation may
be caused by these irritants. These attack the
mucotis membranes of the respiratory tract and
create conditions favoring the onset of pneu-
monia. In cases of actual exposure, the physio-
logical effects of inhaling smoke depend upon
its physical state. When smoke is very hot, it
will destroy the tissues by burning, regardless
of its chemical composition; when cooled, the
smoke may be nonirritating because the
irritants may have been removed by condensa-
tion and settling. Consideration must also he
given to the size of the particulates entrapped
in the smoke. If these materials are large, they
may be easily removed by ciliary action within
the body. If, however, they are small, the
removal process may become more difficult.
Smoke studies conducted by personnel of the
University of Utah’s Flammability Research
Center have shown that many of the particu-
lates produced during the combustion of natural
and synthetic materials have average particle
size ranging from 0.1 to 0.5 um. Another factor
may play an important role in human response
to smoke. Samples of particulates screened
from smoke generated during pyrolysis or com-
bustion of polymeric materials have been ex-
amined by using the techniques of electron
spin resonance. All the evidence indicates that
many of the free radicals, normally having
extremely short half-lives, may be entrapped
in the smoke particles, thus strong signals are
obtained for periods as long as & or 6 weeks.
Preliminary tissue culture experiments have
shown the development of abnormal nuclei
when subjected to particulates having en-
trapped free radicals. This work is in its very
early stages, and considerable additional ex-
periments must be conducted before any definite
conclusions can be drawn.

In addition, dense smoke may prevent exit
from the area in which a fire is located by
obscuring vision. This same obscuration effect
may prevent location of the gource of the fire
and thus hinder fire control.

Many investigators have conducted studies
on single materials under controlled laboratory
pyrolysis or combustion conditions. In actual
fires, combustion of single materials is seldom
encoutitered, and there is ample evidence to
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show that the sum of the toxicity potential of
two or more gases or vapors may be synergisti-
cally enhanced. In a fire, the toxicity of such
mixtures may be further increased by low
oxygen concentrations and high temperatures,
Carbon dioxide, for example, causes stimula-
tion of the respiratory center of the brain, and
if inhaled in excess during a fire, it causes an
abnormally high intake of other toxic gases
which may prove fatal.

Although the lungs and associated structures
are principal sites of action for irritant fire
gases, corrosive vapors such as acids and
acetaldehyde will also affect the unprotected
skin and the cornea of the eye. Whatever the
tissue exposed, the effect will eause inflamma-
tion. If the concentration of irritant gas or
vapor is high or the exposure prolonged, fluid
drawn from the blood and tissues aceumulates
in the respiratory organs. This condition is
called tracheal, bronchial, or pulmonary edema,
depending on the level in the respiratory tract
which is affected.

Toxic Effects of Gases and Thermal Degradation
Products

Oxygen

The important factor is the absence of oxygen
rather than the release of oxygen due to burning
or pyrolysis of polymeric materials. Complete
lack of oxygen will lead to death within a few
minutes, and decreased concentrations of oxy-
gen in the air will produce a number of signs
and symptoms of hypoxia in persons exposed
to that environment, Even if death does not
occeur due to the lowered levels of oxygen in
the immediate atmosphere, insufficient supply
of oxygen to brain tissues for short periods of
time will produce irreparable brain damage.
Concentrations of oxygen higher than this but
still below normal ambient levels will affect
the brain cells in a reversible manner, but dur-
ing this period the person will have behavioral
changes which may produce faulty judgment,
the consequences of which may be grave in-
juries to himself as well ag to others (Table 5).

Carbon Monoxide

Of all of the gases generated in burning of
organic materials (both natural and synthetic),
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Table 6. Signs and symptoms at various concentrations of

carboxyhemaeoglobin.
CO-Hb, % Signs and symptoms
3-10 None
10-20 Tightness across forehead, slight headache, dila-

tion of the cutaneous blood vessels
20-30 Headache and throbbing in the temples
30-40 Severe headache, weakness, dizziness, dimness of
vision, nausea, vomiting, collapse
40-50 Same as above, greater possibility of eollapse;
syncope, increased pulse and respiratory rates
50-60 Synecope, increased respiratory and pulse rates,
coma, intermittent convulsions, Cheyne-
Stokes regpiration
Coma, intermittent convulsions, depressed heart
action and respiratory rate, possible death
T0-80 Weak pulse, slow respiration leading to death
within hours
£80-90 Death in less than 1 hr
>90 Death within minutes

60-70

Table 7. Physiclogical response to various concentrations

of carbon monoxide.

Concentration of CQ
in air {(by volume)

ppm %

Allowable for an exposure of
several hours 100 0.01
Without appreciable effect if

inhaled for 1 hr 400- 500 0.04-0.05
Just appreciable effects after 1 hr

of exposure 600- 700 0,06-0.07
Unpleasant but not dangerous

symptoms after I hr 1000-1200 0.10-0.12
Dangerous in exposure for 1 hr 1500-2000 ©.15-0.2
Fatal in exposures of less than 1 hr >4000 >0.4

the gas which has been thought to produce the
most deathg in real fire situations is carbon
monoxide. The air we breathe has levels of
carbon monoxide in the parts per million range;
animals and man apparently can tolerate con-
cenfrations up to 100 ppm for short periods
of time (up to 8 hr) without undue harm. Fire
conditions, however, can release large concen-
trations of CO into the air, and CO at these
levels can lead to death in very short periods
of time. The main action of carbon monoxide
after it is inhaled is to combine reversibly
with hemoglobin (Hb) to form carboxyhemo-
globin {(CO-Hh). This reaction displaces oxygen
in the blood and leads to anoxia and death if
the reaction is not reversed, Carbhon monoxide
also interferes with oxygen release in the
tissues, but this appears to be of secondary
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importance as compared to combining with
hemoglobin. Both animal and human studies
have demonstrated that correlations can be
made between signs and symptoms of toxicity
and the percentage of CO-Hb formed, Table 6
{(26) summarizes this information and shows
that CO-Hb concentrations below 109% produce
no signs or symptoms. In general, most people
will not show toxic symptoms below a level
of 209% carboxyhemoglobin. From this level
on, however, extremely toxic manifestations
will occur at CO-Hb concentrations of 60%
or more, and death is imminent. Henderson
et al. (27) reported on the physiological re-
sponse to various concentrations of carbon
monoxide (see Table 7),

In order to determine the relationship be-
tween the conceentration of carbon monexide in
the air and the CO-Hb content, several investi-
gators have exposed laboratory animals at vari-
ous concentrations of carbon dioxide and meas-
ured the time required to reach a given blood
level, Table 8 summarizes the work of Hof-
mann and Oettel (28) pertaining to the bhlood
CO-Hb levels between rat and man.

It should be recognized (as illustrated in
Table 8), that saturation curves for humans
are not directly applicable to rats, because
these anjmals inhale a larger volume of air
per unit time in relation to their body weight,
thug their blood can become more rapidly
saturated with earbon monoxide. Considerable
differences in the reported lethal concentrations
of carbon monoxide are found in the literature,
This may be due in part to the animals used,
the conditions of exposure, or the methods used
to monitor the environment,.

Table B. Species differences with regard to CO-Hb
coneentration in blood.

Rat Man

CO concentration,
pPpm Time to Time to Time to Time to

209, 509 209, 509,
CO-Hb, CO-Hb, CO-Hb, CO-Hb,

min min min min
10,000
5,000
2,000 15 20 60
1,000 15 240 60 300
500 80 s 90 (O]
250 20 (=) 860 O]

s 5097 level not reached., Rats will die at 709, CO-Hb
concentration within 30 min.
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In recent years, attention has been given
to possible toxic effects of carbon monoxide at
levels where signg and symptoms of toxicity
are not noted, as for example, below 10%
CO-Hh. Schulte (26) has explored this prob-
lem and has found that concentrations as low
as 5% CO-Hb can affect certain psychomotor
abilities. For example, in experiments with
humans he noted that both the rate of errorg
and the time needed to complete.an arithmetical
chore would increase. He also employed other
tests in his human experiments and came to
the conclusion that low levels of carbon monox-
ide could have, and most likely do have, an effect
upon judgment and situational decisions and
responses. Some investigators have reported
that certain cigarette smokers may at times
show up to 10% carboxyhemoglobin in their
blood, depending upon the number of cigarettes
smoked ahd the manner in which they are
smoked. Other figures, however, generally show
a level of less than 5%,

If low eoncentrations of carbon monoxide
can indeed affect decision-making and other
psychomotor responses, this may provide a pos-
sible answer for the inability of vietims to
escape an area if they have been exposed to
high concentrations of carbon monoxide.

Carbon monoxide has 300 times the affinity
for hemoglobin of oxygen. When carbon
monoxide is included in inhaled air, the reaction
{1) occurs in the lung cells:

0:.*Hb+CO CO-Hb+4 O, (1)

Although this is a reversible reaction, as the
affinity for carbon monoxide is stronger than
for oxygen, oxygen hemoglobin (O, *+ Hb) no
longer can be formed. As the carboxyhemo-
globin is formed, the hemoglobin loses its
capacity to transport oxygen, resulting in an
oxygen shortage in tigsues and organs. It should
be pointed out that there is strong belief by
our medical personnel that a similar relation-
tion exists between carbon monoxide and myo-
globin and thus, additional physiological effects
may take place with regard to muscle activa-
tion and contraction, again limiting the ability
of the victim to egress the fire area. '
Consideration must also be given to methods
which favor the rapid reversal of the concen-
tration of carboxyhemoglobin in the blood.
Einhorn et al. (9) exposed laboratory animals
exhibiting convulsions during the agonal epi-
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sode, which is consistent with a cerebral
hypoxia due to carbon monoxide poisoning, to
pure oxygen. The convulsions ceased within 1
min and the animals were grooming themselves
within 30 min. Also, Kishitani (29) exposed
mice to fresh air after carbon monoxide ex-
posure and observed a rapid return to normal
carboxyhemoglobin levels. Packham (30} re-
ported similar results using Sprague-Dawley
and Long-Evans rats. He reported that the
loss of avoidance response is not rigidly de-
pendent upon a critical CO-Hb level, but rather
is strongly affected by the rate at which the
CO-Hb levels are reached and the protocol of
the experiment.

In present studies the level of toxicity is
described in terms important to survival of
the animal, e.g., its ablhty to escape from a
noxious env1r0nmept It is the object of this
study to deseribe the physiological status of
the animal at selected stages of toxicity.

Definition of Levels of Toxicity: TFor the
purpose of the carbon monoxide experiments,
five levels of toxicity have been defined by
Petajan and Packham (31) as follows.

LEVEL 1, ATAXIA: Animal movements are
unsteady and inaccurate; titubation of the head
and trunk occurs, Grooming behavior loses
precision of movement.

LEVEL 2, L0ss oF SURVIVAL RESPONSE: Rats
conditioned to avoid a shock by bar pressing
lose this response. The rat generally leaves
the manipulandum and moves aimlessly about
the chamber,

LEVEL 3, Lo0ss OF POSTURAL TONUS: There
i progressive loss of postural tonus until the
rat is flattened out upon the floor of the
chamber. When this level of toxicity is reached,
electric’ shock will produce local limb with-
drawal, but neither movement to a different
area of the chamber mnor elevation of the body
from the floor,

LEVEL 4, ANOXIC SHOCK: There is no re-
sponse to electric shock other than local muscle
contraction. Respiratory rate drops to approxi-
mately half the resting level either consistently
or in brief epochs of bradypnea. Cardlac ar-
rhythmia is seen at this sfage.

LEVEL 5, DEATH.

LD, versus Survival Response: The lethal
dose—50 (LD;,) test protocol has been widely
accepted by toxicologists for studying dose-
response effects on lethality., This test protocol
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has been widely used in the study of such
things as drugs, pesticides, single gases, or mix-
tures of simple gases. This test has been de-
signed to relate the coneentration of the item
being studied to an endpoint which involveg
the death of 50% of the test animals. In the
dynamic environment of a fire exposure, the
LD;, has many major shorteomings. For ex-
ample, no indication is obtained to which gas
or gases in a complex mixture of toxicants is
the limiting agent. Further, counting the
number of animals that suecumb to a given
exposure does not provide information as to
which systems and organs might be affected by
the limiting toxicant. Another major short-
coming of the LD,, test protocol is that all
results are biased toward the short-range effects
on the test animals (less than 14 days}. Finally,
with regard to a dynamic fire exposure, a
noxious or toxic agent may exert a temporary
disabling effect, which will prevent escape but

will not in itself exert a lethal effect, thus,
the animal is overcome by other agents and
listed in the LD,, count.

The Survival Response Test Protocol: An
animal conditioning chamber was designed and
consiructed which permits a greater degree of
sophistication than was possible previously.
This conditioning chamber utilizes a strobe-
light warning of impending electrical stimulus.
The test subjects are trained in an avoidance
response utilizing a hind-leg flexion response
mechanism (22). Figure 1 illustrates the oper-
ational experimental apparatus used to train
the test specimens in the avoidance response.
This avoidance response is being used fo
monitor the loss of survival responses during
exposure studies.

The use of the sling restraining device in
the conditioning and exposure studies main-
tains the subject in a convenient position for
determination of respiratory rate, EEG, EKG,

FIGURE 1,
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Experimental set-up for animal chamber.
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FIGURE 2. Animal model showing sling-type restrainer, conditioning module,
and physiological recording leads.

peripheral nerve conduction velocity, reflex
response latency, carboxyhemogiobin, body
temperature, and operant behavior. An animal
exposure chamber was appropriately modified
to eontain the sling and necessary connecting
ports for physiological monitoring. The new
system provides an animal model for investi-
gation of the effects of a variety of noxious
gases and a number of factors affecting animal
response, such as age, drug action, altered body
temperature, and repeated exposures.

A modified analytical procedure was devel-
oped by Petajan, Packham, and Frens (32)
for determining carboxyhemoglobin in small
volumes of rat blood as well as the develop-
ment of a method which permits withdrawal
of blood aliquots during actual exposure. It is
now possible to withdraw blood samples during
exposure chamber experiments (Fig. 2) for a
variety of determinations including carboxy-
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hemoglobin, hemoglobin, and oxyhemoglobin,
electrolytes, serum enzymes, and various in-
toxicants.

The conditioned avoidance response has been
modified so that it can be determined with
the animal in the sling. The rat’s rear leg is
affixed to a lever which stabilizes and controls
the direction of leg flexion and to which a
weight can be added to compel the rat to exert
force when withdrawing the leg. A metal plate
that activates a relay lies heneath the foot,
which when touched, delivers a shock to the
rat’s leg by means of a fine needle electrode
ingerted just beneath the skin of the leg. A
strobe light provides a warning signal, which
is followed in 5 sec by a shock. The warning
signal and shock are delivered every 10 sec for
a period of 1 min, with a 1-min rest period in be-
tween. Rats ean be conditioned to avoid the shock
in response to the warning light, that is receiv-
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ing only one reminder shock, in two sessions of
1 hr each. The conditioning chamber, previously
deseribed, has been built for training rats, and
the necessary response counters are in opera-
tion. This response is now defined as the “sur-
vival response,” the loss of which defines Level
2. Modification of this response can include
changing of the warning stimulus mode (sound,
touch, ete.), and the amount of work required
to accomplish the flexion response.

Packham, Petajan, and Frens (23) have
used the protocol described previously to moni-
tor animal response to simulated conditions
which may be encountered in “real fires.”” The
following fypes of experiments have been
carried out: determination of carboxyhemo-
globin and vital functions when the survival
response is logt; determination of influence of
a given level of intoxication upon the acquisi-
tion rate of the survival response; determina-
tion of the loss of the learned survival response
as a consequence of a given level of intoxica-
tion; determination of the alteration of nervous
system function, such as peripheral nerve con-
duction velocity, spinal reflex activity, and
cortical activity which accompany loss of the
operant response.

In summary, the above experiments examined
conditions responsible for the acute loss of the
survival response, as well as its logs or im-
paired acquisition as a late sequela of carbon
monoxide exposure.

Sensory and motor nerve conduction in the
ventral caudal nerve has been determined in
vivo In rats reaching Levels 8 and 4 by
Petajan, Packham, and Frens (33). Fine 26-
gauge needle monopolar electrodes were used
for stimulating and recording the evoked muscle
or nerve action potential. Initial experiments
determined the change in conduction velocities
following exposure to Level 8. At Level 3,
carboxyhemoglobin ranged from 60% to 80%.
The control conduction velocity was 26-28
m/sec. Animals exposed to Level 3 had a
greater than 20% decrease in conduction
velocity within the first hour after exposure.
In 50% of the animals, the nerve became un-
responsive after the first hour. Conduction
remained significantly decreased for 24-48 hry,
then tended toward normal, but remained
eratic over the next 4 weeks. Sensory nerve
conduction was most affected. An important
observation of these experiments was the con-
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tinued decrease in conduction following re-
moval from the chamber. This effect is com-
patible with the observation that ecarbon
monoxide migrates into muscles and other
tissues from blood during hypovolemic shock
(34). Animals exposed to Level 4 developed
neuropathy similar to that seen at Level 3, but
an additional effect was seen as well. Follow-
ing the recovery period, neuropathy sometimes
developed again as a late sequela.

Using the animal model, conduction velocity
was determined during the course of exposure
to carbon monoxide, In a second series of ex-
periments, conduetion velocity was followed
through all levels to Level 4. The continued
decrease in velocity following exposure to room
air was observed. Follow-up studies were con-
ducted every week in conjunction with detailed
pathological studies of the nerves and other
tissues.

The essential observation of this experiment
was that attainment of Level 3 was essential
for the development of latent pathology. At
thig level conditions prevail which allowed the
“penetration” of carbon monoxide into tissues.
Apparently metabolism was affected in such a
manner that processes essential to cell func-
tion were impaired.

Pathologic Changes in Rats Exposed to
Carbon Monoxide: FElectron microscopy of
the peripheral nerves have shown striking
changes due to the effects of CO on rats. At
Level 2 where the animal appeared to loge his
survival response, gross and light microscopie
pathological studies of brain, spinal cord, pe-
ripheral nerves, and internal organs of animals
sacrificed immediately after removal from the
chamber have shown no differences from con-
trol animals.

Level 83 wag the level of motor collapse or
loss of postural tonus. Ten of the rats at this
level were studied grossly and by light micros-
copy 30 days after exposure. Brain, spinal
cord, organg, and peripheral nerves showed no
differences from control animals on light
microscopy examination. However, changes
were seen with the electron microscope at the
nodes of Ranvier of peripheral nerves (also
geen in animals exposed to Level 4). The an-
terior horn cells of the spinal cord showed no
axonal chromatolysis or increased satellitosis.

In Level 4, the level of anoxic shock, all
animals lost their ventral caudal nerve conduc-
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tion. If the animals survived, maximal ventral
caudal nerve conduction velocity returned, but
motor potentials were small and polyphasic.
These potentials disappeared again and re-
turned to normal at 9-13 days after exposure.
These findings suggested a delayed peripheral
neuropathy such as has been reported in man.
Since the delayed central nervous system lesions
are demyelinative in character, it might have
been expected that the peripheral nerve changes
would be primarily demyelinative, However,
thig has not been borne out by our electron
microscopic studies. The brain and other organs
showed no differences from control animals
grossly or with list microscopy. Some animals
showed axonal chromatolysis of some small
anterior horn cell but no increased satellitosis.
The only lesions seen in peripheral nerves with
light microscopy were an increase in mast cells
and some areas of vacuolated myelin. No de-
crease in axons or myelin sheaths was evident.
With the electron microseope, the damage to
the peripheral nerve was seen primarily at the
node of Ranvier and in the Schwann cell after
exposure to Levels 3 or 4.

When rats are exposed to the “anoxic shock”
leve] of carbon monoxide intoxication, they
develop a carboxyhemoglobin level of 60-80%.
Clinically these animals show a decrease in
blood pressure, decreased and irregular respira-
tion, and cardiac arrhythmias. They also show
a decrease in ventral caudal nerve conduction
velocity, usually to zero. If removed from the
CO environment at this time they survive. The
ventral caudal nerve conduction velocity re-
turns to normal in from 2 to 8 days. Sensory
conduction is most impaired. Although animals
show no weakness during recovery, they are
hypersensitive to stimuli.

Ventral caudal and peroneal nerves from
rats exposed to the anoxic shock level of CO
intoxication were examined 7, 10, 14, 21, and
28 days after exposure. Light microscopy of
the nerves did not reveal any abnormalities to
account for the decreased conduction velocity.
However, with electron microscopy changes
were seen at the node of Ranvier, both in large
and small myelinated nerve fibers. The changes
were more severe in large myelinated fibers
than they were in small fibers.

The speed of progression of damage and re-
pair depended on the size of the fiber and
somewhat on the individual animal studied, but
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FiGure 3. Normal nodes of Ranvier showing finger-

like processes of Schwann cell extending toward the
axoplasm. Cross section, 8960Xx.

the steps in the progression appeared the same
for large and small fibers. Most, though not
all, nodes showed these changes.

Normally a thin sheet of cytoplasm from
the Schwann cells on either side of the node or
fingerlike processes from the Schwann cells
make contact at the center of the node. Each
Schwann cell also sends fingerlike processes
vertically toward the axolemma (Fig. 3). After
exposure to CO the major portiong of cyto-
plasm from the Schwann cells from both sides
of the node appear to retract and disengage.
The many fingerlike processes also appear to
retract into the main mass of Schwann cell
cytoplasm. The myelin terminals may remain
attached to the axolemma in small fibers. The
myelin lamellae are stripped away from one
another. The myelin terminals and adjacent
myelin are completely or partially destroyed
in many large fibers, with myelin figures ap-
pearing in the Schwann cell cytoplasm and
axoplasm.

Figure 4 shows that the first-formed myelin

terminals are sometimes preserved. At the
time of greatest destruction the axon is fre-

‘quently covered by only a thin sheath of

Schwann cell c¢ytoplasm and basement mem-
brane or basement membrane alone. The axo-
plasm at this point is swollen. In larger diam-
eter fibers, microtubules and neurofilaments are
disrupted in this area as well (Fig. 5). Large-
sized fibers are most severely damaged.
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FiGURE 4. Node of Ranvier, 7 days after exposure to
anoxic shock level of CO poisoning, showing myelin
degeneration and retraction of myelin terminals and
Schwann cell cytoplasm and processes. Longitudinal
section, 3360x.

Ficure 6. Node of Ranvier, 14 days after exposure to
anoxic shock level of CO poisoning, showing elonga-
tion of node and covering of the axon by swollen
Schwann cell processes. Longitudinal section, 2940%.

Ficure 5. Node of Ranvier, 7 days after exposure to
anoxic shock level of CO poisoning, illustrating loss
of Schwann cell processes, swelling of axon, and loss
of covering axoplasm. Longitudinal section, 3120X.

From 7 to 10 days affer exposure, the process
of destruction seems almost complete in large
myelinated fibers but ig still going on in smaller
fibers. The beginning of reparative changes is
late in larger diameter fibers, The beginning
of reparative changes is late in larger diameter
fibers, still being incomplete at 28 days. In
smaller nerve fibers repair is often beginning
by 14 days, although it too is not complete at
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FiGUurRE 7. Node of Ranvier, 21 days after exposure to
anoxic shock level of GO poisoning, showing return
of fingerlike processes but an elongated node and
myelin debris in the Schwann cell. Longitudinal
gection, 3120%.

28 days. The first step in repair appears to be
swelling of the Schwann cell cytoplasm or
production of processes to cover the bare node
(Fig. 6).

From 14 to 28 days the fingerlike projec-
tions of Schwann cell cytoplasm begin to ap-
pear at the node (Fig. 7).

Complete joining of thin layers of Schwann
cell cytoplasm or fingerlike processes from
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FIGURE 8. Node of Ranvier, 28 days after exposure to
anoxic shock level of CO poisoning showing nearly
normal Schwann cell processes, although myelin
debris still remains. Longitudinal section, 31203,

either side of the node overlying vertically-
oriented fingerlike processes is not often seen
(Fig. B).

Where joining is seen, there ia often also
reduplication of Schwann cell basement mem-
brane over the node. The total process of re-
constitution of destroyed myelin terminals and
Schwann cell structures at the node was not
observed. The node i3 rarely completely re-
paired 28 days after exposure. In smaller fibers,
which showed less nodal damage, myelin ter-
minalg tend to appear normal, with some myelin
debris in the Schwann cell eytoplasm, but nodes
still appear elongated. Repair of myelin at the
node occurs after Schwann cell repair. Nerves
from exposed rats before 7 and after 28 days
must be examined before the entire process is
clear. Only a few macrophages or inflammatory
cells were seen in any nerves.

At 7 days after exposure to CO, Schwann
cells show some dilatation of amooth and rough
endoplasmic reticulum with increased density
and occasional vacuolization of mitochondria.
These changes are more striking 14 days after
exposure, at which time, evidence of protein
gynthesis within the dilated cysternae of the
rough endoplasmic reticulum ig seen (Fig. 9).
These changes could still be seen 28 days after
exposure.

Following exposure to CO a few unmyelinated
axons exhibit swelling and loss of internal struc-
ture, but most appear normal.
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F1GURE 9. Schwann cell cytoplasm, 14 days after ex-
posure to ancxic shoek level of CO poisoning, showing
marked dilatation of cisternae of rough endoplasmic
reticulum with evidence of protein synthesis. Longi-
tudinal section, 3360x.

In our experiments we have studiea the
brainsg and spinal cords of rats exposed to the
anoxic shock level of CO intoxication at various
times after exposure by light microscopy only.
Six animals were studied 7 days after exposure,
two animals 14 days after exposure, two ani-
mals 21 days after exposure, nine animals 28
days after exposure and four animals 2 months
after exposure. There was no apparent loss of
neurons from the central nervous system grey
matter or demyelination or necrosis of white
matter in any animal. However, exposed rats
did show difficulty in learning a conditioned
response 30 days after exposure when compared
with control rats. This is evidence that CO
probably produced some central nervous system
damage,

Recently, Miyagishi (25) has shown electron
microscopic lesions in the cells of the white
and grey matter of rats exposed acutely and
chronically to CO. These consisted of marked
dilatation of the endoplasmic reticulum of the
oligodendroglia, the central nervous system
equivalent of the Schwann cell. Abnormalities
of some myelin sheaths were also noted.
Neurons showed some fragmentation or dila-
tation of rough endoplasmic reticulum and
golgi, but no mitochondrial changes.

Comparison of the Results of Carbon Mon-
pxide Intoxication in Rats and Humans: Tt
may be asked what these lesions in the pe-
ripheral nerves of the rat have to do with the
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nervous system changes produced by CO in
the human. Peripheral neuropathies occur in
humans following CO exposure but are thought
to be rare (36,37). However, they may he more
common than is thought, since the neuropathy
may be mild and fleeting, with central nervous
system manifestation so severe that the neu-
ropathy is overlooked. Also, the rats rarely
showed severe clinical evidence of neuropathy;
gimilarly, affected humans might not notice
any neurological deficit.

The most common human consequences of
CO poisoning are seen in the central nervous
system if the patient survives long enough. This
consists of loss of neurons, astrocytosis, and
sometimes necrosis of the globus pallidus, cere-
bral cortex, hippocampus and Purkinje cells
of the cerebellum. There is variation in pathol-
ogy not completely related to the degree or
length of exposure to CO. About 10% of pa-
tients who survive show “pseudorecovery,” that
is, they appear to awaken from coma and
normalize, only to deteriorate mentally and
neurologically weeks or months later (38). This
is usually due to delayed demyelination and
necrosis of the central nervous system white
matter.

Recently we encountered a 21-year-old pa-
tient who was exposed to CO for an unknown
period of time to an unknown CO-Hb level.
He was admitted to the hospital in a comatose
condition and remained in coma for almost a
month. Following this, he began to regain
funetion. Approximately a year after his ad-
mission he was able to return to college, al-
though he had residual spasticity of